Abstract The recent insight that inflammation contributes to the development of atherosclerosis and type 2 diabetes mellitus constitutes a major breakthrough in understanding the mechanisms underlying these conditions. In addition, it opens the way for new therapeutic approaches that might eventually decrease the prevalence of these public health problems. Tumor necrosis factor-a (TNF-a) has been shown to play a key role in these processes and thus might be a potential therapeutic target. Increased concentrations of TNF-a are found in acute and chronic inflammatory conditions (e.g., trauma, sepsis, infection, rheumatoid arthritis), in which a shift toward a proatherogenic lipid profile and impaired glucose tolerance occurs. Although therapeutic blockade of TNF-a worsens the prognosis in patients with abscesses and granulomatous infections, this strategy is highly beneficial in the case of chronic inflammatory conditions, including rheumatoid arthritis.
INTRODUCTION
The metabolic syndrome, also known as syndrome X, represents a constellation of metabolic abnormalities that includes central obesity, insulin resistance, glucose intolerance, dyslipidemia, and hypertension (1) . Each of these features is known to augment the risk of developing diabetes mellitus (DM) and cardiovascular disease. For decades, both exogenous factors, such as diet, sedentarism, and alcohol consumption, and genetic background were considered to constitute the major determinants of disturbances in intermediary metabolism. Consequently, lifestyle changes and genetic familial screening were advocated to combat the onset and development of the metabolic syndrome, diabetes, and cardiovascular disease. However, the appearance of the metabolic syndrome in people with normal dietary habits and without a particular genetic background raised the possibility that other pathogenetic factors contribute to the development of this syndrome. Further studies indicated that inflammation constitutes the "missing puzzle piece" in the pathogenesis of the metabolic syndrome.
Evidence of a link between inflammation and lipid metabolism was provided by studies showing dyslipidemia and insulin resistance during acute inflammation, as occurs in septic shock or trauma (2) (3) (4) (5) . In turn, hyperlipidemia was shown to inhibit the acute inflammatory response (6) . In addition, patients with chronic inflammatory diseases such as rheumatoid arthritis (RA) were often described to have a dyslipidemic profile and altered glucose tolerance (7, 8) . However, not until the past decade did the role of inflammation in the development of the metabolic syndrome become documented or its importance accepted (9) . Additionally, the contribution of inflammation to the development of both early and late atherosclerotic lesions led Ross (10) to affirm that atherosclerosis is an inflammatory disease. Other evidence came from studies showing that adipose tissue secretes inflammatory cytokines, which in turn contribute to impaired glucose tolerance, insulin resistance, and type 2 diabetes (11, 12) . Finally, the level of circulating inflammatory markers such as C-reactive protein and interleukin-6 (IL-6) independently was found to predict the risk of future cardiovascular events in the general population (13, 14) .
Among many inflammatory markers, tumor necrosis factor-a (TNF-a) emerged as a key cytokine that influences intermediary metabolism. TNF-a was originally described as cachectin, a protein that was demonstrated to be involved in the development of cachexia (15) . Later studies described the proatherogenic changes in lipid metabolism induced by this cytokine (4, 16) . In animal models, administration of TNF-a led to severe impairment of glucose tolerance and insulin sensitivity (17) . Thus, TNF-a might serve as a therapeutic target in these disorders. Treatment of sepsis with agents that block TNF-a actions was proven to worsen these conditions (18) , whereas in the case of chronic inflammation, such as in the joints of RA patients, this therapy was highly beneficial (19, 20) . Given these facts, the evaluation of metabolic markers in patients with chronic inflammatory conditions during anti-TNF therapy is warranted.
This review will focus on the role of TNF-a in the development of dyslipidemia and insulin resistance as important features of the metabolic syndrome, which may eventually augment the risk of cardiovascular diseases and type 2 DM. Patients with RA have 1.5-2 times higher risk of cardiovascular morbidity and mortality, and chronic systemic inflammation is likely to play a crucial role in this respect. Therefore, the impact of anti-TNF strategies on intermediary metabolism in these patients will be discussed.
INTERMEDIARY METABOLISM: ACUTE VERSUS CHRONIC INFLAMMATORY STATE
During acute conditions, the organism reacts quickly through a variety of mechanisms that are meant to set the different homeostatic systems at new thresholds that are eventually decisive for the outcome. These modifications also include changes in lipid metabolism (2-4) that eventually have beneficial consequences for the host. Accordingly, an increase in lipoprotein concentrations during the acute phase response was shown to neutralize the toxic effects of lipopolysaccharide (LPS) in both in vitro and in vivo models, conferring on them a crucial role in host defense during endotoxemia (4, 21, 22) . Although LPS binds and activates monocytes more rapidly than lipoprotein binding and neutralization occurs, the infusion of lipoproteins was indicated to accelerate the kinetics of the neutralization of LPS, providing some advantage (23) . Interestingly, the phospholipid content was reported to correlate with the ability of lipoproteins to neutralize LPS. The increase in serum triglycerides (TGs) and glucose during acute inflammatory conditions may also provide extra nutrients for the increased metabolic needs of cells involved in host defense and tissue repair. In contrast, hyperglycemia, even acutely, has been extensively demonstrated to be associated with an impairment of host defense, including decreased polymorphonuclear mobilization, chemotaxis, and phagocytic activity (5) .
Despite all of these beneficial acute effects, the longer the persistence of inflammatory markers, such as TNF-a, the more will they induce changes in both lipid and glucose metabolism that are likely to have detrimental consequences for the host (Fig. 1) . The lipid changes induced by TNF-a are proatherogenic in terms of both quality and quantity; therefore, the persistence of these modified lipids in the circulation will promote the development of atherosclerotic lesions. The sustained increase in glucose and TG plasma concentrations will have important consequences for glucose homeostasis, altering glucose tolerance and promoting hyperinsulinemia and an insulin resistance state.
Chronic inflammatory conditions have been shown to be associated with a proatherogenic lipid pattern and altered glucose tolerance. Patients with inflammatory diseases such as RA and systemic lupus erythematosus have lower HDL and apolipoprotein A-I (apoA-I) and higher apoB, total cholesterol/HDL-cholesterol ratio, and lipoprotein [a] plasma concentrations (7, 24, 25) . Consequently, they have more atherosclerotic lesions, impaired endothelial function, and increased carotid intima media thickness, which is associated with a higher mortality attributable to cardiovascular diseases than in the general population (24, 26, 27) . In addition, it was recently found that especially RA patients show an impairment of glucose handling and an enhanced insulin response after intravenous glucose loading (8) . In this light, an exploration of the contributions of inflammation in general and TNF-a in particular to the modified intermediary metabolic pattern of chronic inflammatory diseases is warranted.
TNF-a
TNF-a is a member of a growing family of peptide mediators comprising at least 19 cytokines, including lymphotoxin-a, Fas ligand, and CD40 ligand. TNF-a has important proinflammatory properties, which play crucial roles in the innate and adaptive immunity, cell proliferation, and apoptotic processes. The cytokine is produced by different kind of cells, including macrophages, monocytes, T-cells, smooth muscle cells, adipocytes, and fibroblasts. Biological responses to TNF-a are mediated by ligand binding via two structurally distinct receptors: type I [tumor necrosis factor receptor type I (TNF-RI); p55] and type II (TNF-RII; p75), which are present on the membrane of all cell types except erythrocytes. The two receptors differ significantly in their binding affinities as well as in their intracellular signaling pathways. Upon stimulation, the intracellular domain of TNF-RI binds to the TNF receptor-associated death domain (TRADD) protein, which can further activate either the apoptotic pathway, via the Fas-associated death domain (FADD) protein, or the proinflammatory pathway, via TNF receptor-associated factor 2 (TRAF2) and receptor-interacting protein, resulting in the activation of nuclear factor-kB. In contrast to TNF-RI, TNF-RII is unable to activate the TRADD/FADD pathway and signals only through the TRAF2-associated pathway. Of note, studies have indicated the presence of an important cross-talk between the two receptors, which is likely to be responsible for the net response of a cell upon TNF-a stimulation (28) . Accordingly, TNF-RI is mainly responsible for mediating the inhibitory effects of TNF-a on the insulin receptor signaling pathway (29, 30) , whereas TNF-RII deficiency alone does not affect insulin sensitivity but may potentiate the effects of TNF-RI deficiency in animals lacking both TNF receptors (31) . In addition, the lipolytic effect of TNF-a on TGs is mediated mainly via TNF-RI (32) . Besides membrane-expressed TNF receptors, plasma soluble TNF receptors can also modulate the actions of TNF-a. In agreement with this, TNF-RII is likely to play an important role in human obesity by neutralizing TNF-a actions; therefore, it was suggested to be the best predictor of adipose TNF-a activity in these subjects (33) . Moreover, patients with peripheral vascular disease or myocardial infarction survivors were found to have increased plasma TNF-RII concentrations (34) . Therefore, the measurement of soluble TNF-RII might be of relevance when assessing the contribution of TNF-a to the pathogenesis of these conditions, whereas TNF-RI remains the main membrane-bound receptor to signal TNF-a actions.
TNF-a AND LIPID METABOLISM
TNF-a is a pleiotropic cytokine, and its role in inflammation and metabolism is complex. Together with other proinflammatory cytokines, chemokines, and various immune cells, TNF-a has emerged as an important contributor to the development of atherosclerotic lesions by promoting the expression of adhesion molecules on endothelial cells, the recruitment and activation of inflammatory cells, and the initiation of the inflammatory cascade inside the arterial wall (10, 35) . TNF-a has been demonstrated to directly interfere with the metabolic pathways of TGs and cholesterol (4, 16, 36) , which will be discussed in detail below. Therefore, TNF-a may gain a special importance when referring to atherosclerotic lesion development and the risk of acute cardiovascular events.
TNF-a and TG metabolism
Patients with acute inflammatory disorders and sepsis, in which increased TNF-a concentrations occur, have been shown to have increased TG concentrations early during the acute episode of the disease (37, 38) . In addition, hypertriglyceridemia has also been observed in cancer and chronic infections such as acquired immunodeficiency syndrome, conditions in which increased concentrations of TNF-a may be present (39, 40) . Finally, the administration of TNF-a and endotoxin (LPS) to mice and humans results in an acute increase of plasma TG concentration of ?85% (36, 41, 42) . The effects of TNF-a on plasma TG occur through effects on both adipose tissue and liver TG metabolic pathways. Accordingly, TNF-a increases plasma TG by increasing the concentration of FFAs (43), the substrate for TG synthesis, and by diminishing the clearance of TG-rich lipoproteins (VLDLs) from the circulation (42) (Fig. 2) .
TNF-a increases FFA production from both adipose tissue and liver. In human adipose tissue, in vitro studies demonstrated that TNF-a stimulates lipolysis. This effect is mediated mainly via TNF-RI (32) and involves the activation of several kinases of the mitogen-activated protein kinase family of signaling kinases, including extracellular signal-related kinase 1/2 (or p44/42) and c-jun-NH 2 -terminal kinase ( JNK) (44) . There are several pathways through which TNF-a exerts its lipolytic effects. First, after the activation of extracellular signal-related kinase 1/2, an increase in the intracellular concentrations of cAMP occurs that further activates protein kinase A, which in turn phosphorylates hormone-sensitive lipase (HSL) and perilipins, adipocyte proteins situated on the surface of the lipid droplet (45) . Perilipins were recently shown to play a crucial role in the induction of lipolysis by regulating the substrate accessibility for HSL and adipocyte triglyceride lipase (ATGL), the main lipolytic enzymes (45) (46) (47) . After their phosphorylation, which may also occur directly via JNK and p44/42, perilipins translocate away from the lipid droplet, allowing access for HSL and ATGL to hydrolyze the TGs inside. Although ATGL exerts its hydrolyzing activity only on TG, HSL has a 10-fold higher activity on diglycerides, resulting from the previous lipolytic step. Second, TNF-a downregulates the expression of perilipins (46) , which may further enhance the lipolysis in adipocytes. In addition, TNF-a can suppress the expression of HSL (48) and ATGL (49) , but without changes in its net lipolytic effects (50) . Finally, through activation of the p44/42 kinase, TNF-a may inhibit early insulin receptor signaling, thereby counteracting the antilipolytic role of the hormone (51) . In addition, in rodents, TNF-a may inhibit the expression of Gi-protein-coupled adenosine receptors present on the surface of adipocytes, thereby suppressing the antilipolytic effect of adenosine (52) . However, this effect could not be demonstrated in human fat cells (53) . As a result of these actions, FFAs are released from adipocytes into the circulation and may further constitute the substrate required for TG synthesis in the liver. Of note, hypertriglyceridemia constitutes an important prestep in the development of glucose intolerance and insulin resistance, which will be addressed below.
Hepatic TG production is increased in both human and murine studies, as demonstrated by the increase of TGcontaining VLDL particles after TNF administration (36, 41, 42) . However, insights into the mechanisms responsible for this effect were based only on animal models. Such mechanisms are represented by an increase in the availability of FFAs released by stimulated lipolysis in peripheral adipose stores as well as de novo fatty acid synthesis in the liver. Cytokines can stimulate hepatic TG synthesis by various mechanisms. TNF-a, IL-1b, and IL-6 acutely increase hepatic levels of citrate, an allosteric activator of acetyl-CoA carboxylase, the rate-limiting enzyme in FFA synthesis (54, 55) . In contrast, IFNa, using an unknown mechanism, activates acetyl-CoA carboxylase without increasing citrate levels and has a synergistic effect with TNF-a, IL-1b, and IL-6 on FFA production (4, 55) . This suggests that TNF-a can induce these changes either directly or indirectly, by increasing the level of other proinflammatory cytokines, such as IL-1b and IL-6. Finally, the hepatic enzymes involved in the esterification of fatty acids with glycerol are not increased after TNF-a treatment, suggesting that hepatic TG content is driven by the availability of the chief substrate, the fatty acids.
Another mechanism through which TNF-a can increase plasma TG concentrations in both humans and rodents is the inhibition of LPL activity (4, 16, 42) . The inhibitory effect is seen at both the transcriptional and posttranscriptional levels, leading to a decrease in the clearance of TG-rich lipoproteins, thereby contributing to hypertriglyceridemia. In addition, TNF-a can decrease apoE mRNA in rat hepatocytes and consequently reduce the receptormediated uptake of TG-rich lipoproteins, which therefore remain longer in the circulation (56) .
Besides increasing the concentration of TG-rich VLDL particles, TNF-a may also alter their composition. Accordingly, the VLDL content of sphingolipids has been shown to increase (57) . Sphingolipids and sphingolipid-metabolizing enzymes may play important roles in atherogenesis, not only by altering the composition of lipoproteins but also by mediating a number of cellular events, which are believed to be crucial in the development of the vascular lesions, such as proliferation or cell death (58) . In addition, the modified VLDL particle has a decreased clearance and may interact with the LDL receptor on macrophages, enhancing foam cell formation. Thus, the TNFa-induced changes in TG and VLDL metabolism are the same in both humans and rodents and can be considered to be proatherogenic.
TNF-a and cholesterol metabolism
Besides the modifications that occur in TG metabolism, TNF-a may also interfere with cholesterol metabolic pathways. Whereas TNF-a-induced changes in TG metabolism are similar in all species, the effects on cholesterol metabolism differ between rodents and primates. Whereas the administration of TNF-a in rodents is followed by a delayed increase in serum concentrations of total cholesterol and hepatic cholesterol synthesis (4, 16, 36, 55) , nonhuman primates and humans show either no change or a decrease in serum cholesterol and LDL-cholesterol levels (38, 41) . The mechanisms underlying this species difference are not known. In primates, TNF-a was indicated to decrease HDL concentrations (41) . In addition, the composition of lipoproteins can be altered upon the action of TNF-a. The mechanisms through which TNF-a exerts its effects on cholesterol metabolism are complex and take place at different levels, including the hepatocytes and peripheral cells, such as endothelial cells (Fig. 3) .
In rodents, TNF-a may increase hepatic cholesterol synthesis by stimulating the activity of HMG-CoA reductase, the rate-limiting enzyme in the cholesterol biosynthetic pathway (36) . The effect is specific, as other enzymes implicated in cholesterol synthesis in the liver are not activated, and is likely to be independent of dietary regulation (59) 
. This is attributable to an inhibitory effect of TNF-a on the production and activity of squalene synthase (60), the first committed enzyme in cholesterol synthesis located at a branch point in the mevalonate pathway. The enzyme plays an important role in regulating the flux of metabolic intermediates to the sterol pathways. Thus, the effects of TNF-a on the cholesterol biosynthetic pathway are likely to maintain an adequate cholesterol synthesis while redirecting a proportion of the mevalonate metabolites into the nonsteroidal pathways.
In contrast to the situation in rodents, a decrease of 7% in total cholesterol and of 43% in HDL-cholesterol concentrations was observed in cancer patients after administration of recombinant human TNF-a as a 5 day continuous infusion (41) . Moreover, plasma cholesterol concentration was shown to be constantly depressed in all types of acute conditions (2-4, 37, 38) that are normally associated with high levels of TNF-a. The cholesterol content was reduced in both LDL and HDL particles. The mechanisms responsible for these effects in humans and primates have not been thoroughly studied using in vivo experiments. However, using human hepatoma HepG2 cells, it was shown that TNF-a is capable of decreasing the secretion of apoA-I and apoB in a dose-dependent manner (61) . Therefore, the decrease in apolipoprotein secretion might account at least in part for the hypocholesterolemia seen during acute and chronic inflammatory conditions.
Besides the effects on the apolipoprotein synthesis pathway, TNF-a may decrease hepatic cholesterol catabolism and excretion. The elimination of cholesterol from the body is achieved mostly through its conversion into Fig. 3 . Effects of TNF-a on cholesterol metabolism in rodents and humans. ApoA, apolipoprotein A; CYP7A1, cholesterol-7a-hydroxylase; CYP7B1, oxysterol 7a-hydroxylase; LDL-R, low density lipoprotein receptor; PON, paraoxonase; SAA, serum amyloid A.
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bile acids, a pathway regulated by the enzyme cholesterol7a-hydroxylase (CYP7A1). Several cytokines, including TNF-a, were shown to inhibit the expression and activity of CYP7A1, the rate-limiting enzyme in the classic pathway of bile acid synthesis (62) . The mechanism involves the activation of a mitogen-activated protein kinase-dependent signaling cascade that eventually dampens the hepatic nuclear factor-4-mediated activation of CYP7A1 (62) . In addition, the activities of mitochondrial sterol 27-hydroxylase and oxysterol 7a-hydroxylase, the rate-limiting enzymes in the alternative pathway of bile acid synthesis, were also downregulated by TNF-a and other inflammatory cytokines in experiments using human hepatoma cell lines (63) . These data suggest that in both humans and animals, TNF-a limits cholesterol elimination from the body while increasing its availability for other hepatic processes that operate during the acute phase response.
TNF-a can increase LDL binding to HepG2 cells in a dose-responsive manner, paralleled by increased steadystate levels of LDL receptor mRNA (64) . Other cytokines, including IFNg, macrophage-colony-stimulating factor, and granulocyte macrophage-colony-stimulating factor, do not affect LDL binding to such cells (64) . This mechanism may increase the clearance of LDL particles from the circulation and therefore contribute to the low cholesterol concentrations in blood observed after TNF-a administration in humans. Despite the decrease in LDL plasma concentrations, TNF-a is likely to induce changes in LDL composition that eventually increase the atherogenicity of this particle. In patients with acquired immunodeficiency syndrome, a decrease in LDL concentrations was associated with a decrease in particle size, resulting in small dense LDL (65) , which is more proatherogenic. Moreover, TNF-a increased the concentration of secretory phospholipase A 2 (66) . The secretory phospholipase A 2 hydrolyzes phospholipids in LDL, generating FAs that can further contribute to oxidized LDL formation (67) . Finally, the LDL content in sphingolipids, including sphingomyelin and ceramide, is increased (57) . All of these changes in LDL composition render the particle more atherogenic.
Reverse cholesterol transport
There are several mechanisms through which HDL protects against atherogenesis. One of the most extensively studied and accepted hypotheses suggests that HDL plays a role in removing excess cholesterol from peripheral cells and returning it to the liver for excretion. This mechanism is called reverse cholesterol transport (RCT) and plays a crucial role in preventing or reversing the development of atherosclerotic lesions (68, 69) (Fig. 4) . This process is initiated by the efflux of cholesterol from arterial wall cells onto lipid-poor apoA-I or preb-HDL particles and is regulated by ABCA1 and ABCG1 (70) . Subsequently, LCAT esterifies free cholesterol in HDL, a process that is essential for HDL to efficiently remove cholesterol from cells and tissues, thus contributing to the antiatherogenic properties of HDL. Cholesteryl ester transfer protein (CETP) further transfers cholesteryl esters from HDL to TG-rich lipoproteins, whereas phospholipid transfer protein transfers phospholipids from TG-rich lipoproteins to HDL. Finally, HL hydrolyzes TG and phospholipids in large a-HDL, generating small preb-HDL particles that begin a new cycle in the RCT process (68, 69) . In addition, scavenger receptor class B type I plays a key role in the selective uptake of cholesteryl ester into hepatocytes (71) . TNF-a has been demonstrated to induce a reduction in RCT attributable to multiple changes at each step in this pathway.
The hepatic synthesis and plasma activity of LCAT are decreased by TNF-a in primates (72) , resulting in decreased HDL-cholesterol concentrations, similar to what is found in humans or animals with mutations in the LCAT gene (73) . This might partly account for the decrease in cholesterol concentrations seen after TNF infusion. CETP activity is decreased upon TNF-a action in rodents (74) . Interestingly, Japanese populations with CETP deficiency exhibited high levels of HDL. Given these facts, CETP was recently described as a new therapeutic target, and CETPblocking agents have been developed to test their potential for increasing HDL and decreasing cardiovascular risk (69, (75) (76) (77) . TNF-a is also able to decrease scavenger receptor class B type I mRNA in the liver and in Hep3B hepatoma cells, resulting in an impaired cholesterol uptake and excretion (71) . Thus, besides reducing hepatic apoA-I, TNF-a is likely to affect the level of cholesterol removal from peripheral cells, transfer between particles, and uptake by the liver. Although an initial decrease of RCT during the acute phase response may be beneficial as it redirects cholesterol toward macrophages for host defense, a prolonged or sustained inflammatory response, as seen in chronic infection and inflammation, may continually impair RCT, thus leading to cholesterol deposition in macrophages and promoting atherosclerosis.
Besides decreasing circulating HDL-cholesterol concentrations, TNF-a may also alter HDL composition. The content of apoJ and apoSAA in HDL increases, whereas that of apoA-I may decrease (4, 78, 79) . Serum amyloid A-rich HDL particles are rapidly cleared from the plasma, and thus the increase in serum amyloid A could also contribute to a decrease in HDL concentrations (80) . In addition, serum amyloid A-rich HDL has a decreased affinity for hepatocytes and an increased affinity for macrophages, which may result in a redirection of HDL metabolism. Furthermore, the decrease in apoA-I may alter the capacity of preb-HDL particles to attract cholesterol from peripheral cells in a step that initiates the RCT. Several HDLassociated proteins, including paraoxonase-1, possess antioxidant activities and help HDL to exert its role in protecting LDL against oxidation. On HepG2 cells, TNF-a downregulates the expression of paraoxonase-1, which results in a depletion of HDL antioxidant properties (81). This will eventually convert HDL into a proatherogenic particle, enhancing the atherogenic process. Accordingly, a recent study documented the presence of proinflammatory HDL in patients with systemic lupus erythematosus and RA and suggested that it may serve as a biomarker for atherosclerosis in these chronic inflammatory conditions (82) .
Several recent publications have indicated that TNF-a may also exert antiatherogenic effects, for instance through the inhibition of atherosclerotic plaque development. These assumptions are based on the observation that TNF-RI-deficient mice develop more severe atherosclerotic lesions compared with normal littermates when fed an atherogenic diet (83) . In TNF receptor knockout mice, this is attributable to an upregulation of the scavenger receptor on the macrophages followed by an increase of cholesterol uptake and foam cell formation. Interestingly, plasma lipid concentrations did not differ between the strains. Assuming that TNF-a has antiatherogenic properties, Gerbod-Giannone et al. (84) recently indicated that ABCA1, a member of the ABC transporter superfamily, is upregulated by TNF-a in a dose-dependent manner, through a mechanism involving the activation of nuclear factor-kB. As mentioned previously, ABCA1 plays an important role in the RCT, promoting the efflux of cholesterol from peripheral cells into the lipid-poor apoA-I or preb-HDL particles. These findings in TNF receptor knockout mice are puzzling because TNF-a gene disruption has been shown to diminish the development of atherosclerosis in apoE-deficient mice (10, 35, 85) . However, in another study, loss of TNF-a did not alter the development of lesions in mice fed an atherogenic diet (86) . In addition, loss of TNF-RII had no influence on lesion growth in the same mice (86) . Together, these data illustrate the complexity of TNF ligand and receptor interactions in the atherogenesis pathways, with disparate actions depending on the targeted cell type, signaling pathways, duration of action, and, in the case of murine experiments, the genetic background of the rodent. In addition, some discrepancies regarding TNF-a actions might be attributable to the fact that the interchangeability of data from whole organisms and cell culture studies may not always be valid. The implication of other undefined members of the TNF ligand or receptor signaling pathways in regulating atherogenesis could not be excluded. To conclude, TNF-a has dissimilar effects on cholesterol levels in rodents and humans, with inhibitory actions on apoA-I hepatic synthesis and cholesterol reverse transport in humans.
TNF-a blockade and lipid metabolism
The effects of TNF-a blockade on the circulating lipid pattern were recently explored in patients with chronic inflammatory conditions and increased TNF-a plasma concentrations. We evaluated the influence of short-term therapy with adalimumab, a fully human anti-TNF monoclonal antibody, on the lipoprotein profile and on markers of inflammation in 33 patients with active RA. Plasma HDL-cholesterol concentrations increased significantly at 2 weeks after the start of therapy by an average of 0.12 mmol/l, whereas no differences were seen in the placebo-treated group. In addition, the atherogenic index decreased (87) . Our results were later confirmed in another study in a larger RA group, indicating that infliximab, a chimeric anti-TNF monoclonal antibody, increases plasma HDL-cholesterol concentrations by ?0.10 mmol/l after 2 weeks of therapy and that the effect is still sustained after 6 weeks of therapy (88) . Although short-term effects of anti-TNF agents on lipoproteins are likely to increase HDL-cholesterol and decrease the ath-erogenic index, the immediate effects seem to yield opposite results. One study, investigating the effects of infliximab on plasma lipoprotein concentrations at 24 h after each infusion, showed that total cholesterol, HDLcholesterol, and apoA-I levels decreased significantly, whereas the atherogenic index increased on the day after infusion. However, between infusions, a slight increase in HDL-cholesterol concentrations and a decrease in the atherogenic index after 2 and 6 weeks of therapy were observed compared with baseline (89) . Whether the nonatherogenic lipid profile persists and indeed results in less atherogenesis in the long term is the subject of future studies.
TNF-a AND GLUCOSE METABOLISM
The development of the concept that type 2 DM is an inflammatory condition is an exciting and novel approach to the understanding of this condition. Recent work in the area of obesity has confirmed that obesity is a state of lowgrade chronic inflammation, as indicated by the increased concentrations of C-reactive protein, IL-6, and other inflammatory markers identified in the plasma of obese individuals (11, 90) . This concept has raised the possibility that type 2 DM, another closely related insulin-resistant state, might be also an inflammatory condition. Indeed, proinflammatory cytokines (TNF-a, IL-18, IL-6) and sialic acid were found to be increased in patients with type 2 DM (91, 92) . Moreover, inflammatory markers such as C-reactive protein and IL-6 are even likely to predict the development of type 2 diabetes in white nonsmoking adults (93) . There are now ample data to regard inflammation as a link between insulin resistance, obesity, and diabetes.
Among inflammatory markers, TNF-a was first demonstrated to be involved in the pathogenesis of insulin resistance. In 1993, Hotamisligil, Shargill, and Spiegelman (17) published the first evidence of constitutive TNF-a expression in adipocytes and further demonstrated that adipocytes from obese animals (ob/ob mouse, db/db mouse, and fa/fa Zucker rat) express markedly increased amounts of TNF-a. In addition, neutralization of TNF-a using soluble receptors was followed by an improvement of the insulin sensitivity in these animals. Later data have shown that TNF-a is also expressed in human adipose tissue and that its plasma concentration in obese subjects is decreased after weight loss (94, 95) . In addition, there is a significant positive correlation between the changes in circulating TNF-a concentrations and body mass index. Adipocyte-derived TNF-a is thought to function predominantly in an autocrine/paracrine manner in adipose tissue and has been postulated to play a crucial role in the development of insulin resistance and glucose metabolism abnormalities that link obesity to type 2 DM (11, 96) .
Indeed, TNF-a-and TNF-RI-deficient mice have lower body weights than wild-type mice and their sensitivity to insulin is increased; they are protected against obesityinduced insulin resistance (97, 98) . In vitro studies on human cell lines have confirmed that when exposed to TNF-a, adipocytes become insulin-resistant (12) . In addition, human skeletal muscle cells overexpress TNF-a, which may contribute to the development of a generalized insulin-resistant state during inflammation (99) . In contrast to TNF-induced changes in lipid metabolism, there are no significant differences between mice and humans regarding TNF's effects on insulin sensitivity. Several mechanisms have been proposed to explain how TNF-a induces the insulin resistance in adipocytes as well as systemically (Fig. 5) . First, TNF-a has the ability to inhibit the insulinstimulated tyrosine kinase activity of the insulin receptor and the insulin receptor substrate-1 (IRS-1) by inducing a serine phosphorylation of IRS-1 and thus converting IRS-1 into an inhibitor of the insulin receptor tyrosine kinase in vitro (12) . This effect is mediated mainly via TNF-RI (29) (30) (31) and involves the activation of the inhibitor kB kinase-b (100). Second, TNF-a stimulates lipolysis in the adipose tissue, thus increasing the plasma concentration of the FFA that eventually contributes to the development of the insulin-resistant phenotype (42) . Accordingly, hepatic glucose production increases and glucose uptake and metabolism in the muscles decrease. In adipocytes, TNF-a downregulates the expression of several proteins implicated in the insulin receptor pathway, including IRS-1, glucose transporter 4, peroxisome proliferator-activated receptor g, and adiponectin (12, (101) (102) (103) . In particular, adiponectin plays an important role in the mechanisms that maintain the sensitivity to insulin, and its plasma concentration is inversely related to the degree of insulin resistance (104) . Moreover, TNF-a upregulates the production of leptin, which is known to regulate energy homeostasis, to reduce pancreatic insulin secretion, and to promote insulin resistance (105) . Therefore, TNF-a may also contribute indirectly to an insulin-resistant state by inhibiting adiponectin and by stimulating leptin actions on the glucose metabolic pathways. In addition, monocyte chemotactic protein-1 expression and production can be stimulated by TNF-a (106), increasing the recruitment of macrophages into the adipose tissue, which will augment the inflammatory state and trigger resistance to insulin.
Pathological situations associated with high TNF-a production, such as endotoxemia, cancer, and trauma, were indicated to present a state of peripheral insulin resistance. The administration of TNF-a to healthy humans was reported to reduce insulin sensitivity, inducing hyperglycemia without decreasing insulin levels (107) . In humans, the presence of a promoter polymorphism of TNF-a (G-308A) is associated with increased plasma TNF-a concentrations and a 1.8-fold higher risk of developing diabetes compared with noncarriers (108) .
Finally, considerable attention is now focused on the mechanisms by which TNF induces resistance in the cascade of insulin signal transduction and on the possibility that interference with this pathway could be a new therapeutic approach to abrogate insulin resistance and obesity-induced diabetes. Although therapy with soluble TNF-a receptors in diabetic insulin-resistant patients failed to prove its hypothesized beneficial effect (109, 110) , several recent reports support a favorable action of anti-TNF-a antibodies on insulin sensitivity (111, 112) .
CONCLUDING REMARKS
Inflammation plays a pivotal role in the development of metabolic syndrome features, including dyslipidemia and altered glucose tolerance. These metabolic changes constitute the substrate for the subsequent development of atherosclerotic plaque and insulin resistance. Among inflammatory markers, TNF-a seems to be a crucial element in the pathogenesis of these conditions. Although lipid changes are beneficial to the host in the case of acute circulatory TNF-a-increasing conditions, prolonged TNFinduced lipid modifications will increase cardiovascular risk and subsequent morbidity and mortality. In this light, chronic inflammation in general and TNF-a in particular are likely to represent the driving force connecting RA, atherosclerosis, and the impaired insulin sensitivity that may occur simultaneously in an individual. First, TNF-a plays a key role in the pathogenesis of RA, as we know from the pharmacological effects of TNF-a-blocking agents in the therapy of RA (19, 20) . Second, TNF-a, as part of the inflammatory cascade, plays a crucial role in the development of atherosclerotic lesions (10, 35, 85) . In addition, TNF-a is able to induce proatherogenic lipoprotein changes. Finally, TNF-a, by decreasing insulin sensitivity, contributes to the development of glucose metabolism disturbances (17, 94, 98) .
Given these facts, TNF-a might emerge as a therapeutic target to combat the development and progression of metabolic syndrome features, at least in RA and other chronic inflammatory conditions. Indeed, an anti-inflammatory therapy seems reasonable in the case of patients displaying markers of the metabolic syndrome, because statins and peroxisome proliferator-activated receptor g agonists have been proven to improve lipid and glucose metabolic parameters using anti-inflammatory mechanisms (113, 114) . Several studies have explored the effectiveness of TNF-a blockade in combating different features of the metabolic syndrome, but the results obtained are not yet substantial (87) (88) (89) (109) (110) (111) (112) . However, given the increasing incidence of metabolic disturbances and their associated pathology, especially in developed countries, studies that further explore the feasibility of a TNF-a blocker in these pathologic conditions, either as monotherapy or in combination with other drugs, are warranted. 
